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Highlights
• Determination of all significant O3 producing and consum-
ing pathways and quantification of their contributions in
the Martian atmosphere with help of an automated com-
puter algorithm.
• O3 production results from CO2 and O2 photolysis.
• O3 is consumed by catalytic cycles involving HOx
(=H+OH+HO2).
• The Martian atmosphere can be divided into two chemi-
cally distinct re- gions according to the O(3P):O3 ratio.
• Vertical transport of O(3P) from upper layers downwards
into the O3 layer at around 50 km altitude provides an ad-
ditional source of Ox (=O+O3), which is pivotal to the for-
mation of the Martian O3 volume mixing ratio maximum.
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Abstract
Atmospheric chemical composition is crucial in determining a planet’s atmospheric structure, stability, and evolution. Attaining a
quantitative understanding of the essential chemical mechanisms governing atmospheric composition is nontrivial due to complex
interactions between chemical species. Trace species, for example, can participate in catalytic cycles – affecting the abundance of
major and other trace gas species. Specifically, for Mars, such cycles dictate the abundance of its primary atmospheric constituent,
carbon dioxide (CO2), but also for one of its trace gases, ozone (O3). The identification of chemical pathways/cycles by hand is
extremely demanding; hence, the application of numerical methods, such as the Pathway Analysis Program (PAP), is crucial to
analyze and quantitatively exemplify chemical reaction networks. Here, we carry out the first automated quantitative chemical
pathway analysis of Mars’ atmosphere with respect to O3. PAP was applied to JPL/Caltech’s 1-D updated photochemical Mars
model’s output data. We determine all significant chemical pathways and their contribution to O3 production and consumption
(up to 80 km) in order to investigate the mechanisms causing the characteristic shape of the O3 volume mixing ratio profile, i.e. a
ground layer maximum and an ozone layer at ∼ 50 km. These pathways explain why an O3 layer is present, why it is located at that
particular altitude and what the different processes forming the near-surface and middle atmosphere O3 maxima are. Furthermore,
we show that the Martian atmosphere can be divided into two chemically distinct regions according to the O(3P):O3 ratio. In the
lower region (below approximately 24 km altitude) O3 is the most abundant Ox ( = O3 + O(3P)) species. In the upper region (above
approximately 24 km altitude), where the O3 layer is located, O(3P) is the most abundant Ox species. Earlier results concerning the
formation of O3 on Mars can now be explained with the help of chemical pathways leading to a better understanding of the vertical
O3 profile.
Keywords: Atmospheres, chemistry, Atmospheres, composition, Mars, Mars, atmosphere, Photochemistry,
1. Introduction
Ozone (O3) is one of the most important chemical species
for understanding the chemistry in the carbon dioxide (CO2)
dominated atmosphere of Mars. In the early 1970’s McElroy
and Donahue (1972) and Parkinson and Hunten (1972) demon-
strated that the chemistry, which stabilizes CO2, is dominated
by catalytic cycles involving odd hydrogen (HOx = H + OH
+ HO2) species, formed by water vapor (H2O) photolysis (see
also e.g. Atreya and Gu, 1994; Nair et al., 1994; Yung and De-
More, 1999; Stock et al., 2012a,b). Observations and theoret-
ical models of O3 and H2O in the Martian atmosphere have
clearly shown an anticorrelation between these two molecules
(e.g. Lane et al., 1973; Clancy et al., 1996; Lefe`vre et al., 2004;
∗Corresponding author
Email address: joachimstock14@gmail.com (Joachim W. Stock)
Montmessin et al., 2004; Smith, 2004; Fast et al., 2006a; Per-
rier et al., 2006), suggesting that O3 is a good indicator for
extremely low OH and HO2 volume mixing ratios and there-
fore “dry” conditions. Furthermore, O3 can act in CO2 forming
pathways as a source of atomic oxygen or as a catalyst (Yung
and DeMore, 1999; Stock et al., 2012a).
On Mars, atmospheric O3 was first detected in the south-
ern polar region by ultraviolet (UV) spectrometers aboard
Mariner 7 during its flyby in 1969 (Barth and Hord, 1971).
Closer investigations of the Hartley O3 absorption feature at
255 nm wavelength by the Mariner 9 UV spectrometer revealed
not only latitudinal and seasonal variations in O3 concentrations
(Barth et al., 1973) but also indicated the above-mentioned an-
ticorrelation between O3 and H2O in the atmosphere of Mars
(Lane et al., 1973). Noxon et al. (1976) first observed the
1.27 µm O2(1∆) dayglow emission line in the Martian atmo-
Preprint submitted to Icarus December 9, 2016
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sphere, which results from O3 photodissociation
O3 + hν −→ O2(1∆) + O(1D) (1)
emission of a photon
O2(1∆) −→ O2(3Σ) + hν . (2)
Traub et al. (1979) applied this detection method to study and
compare O3 concentrations in the equatorial region between
±20◦ latitude and the polar regions beyond ±45◦ latitude. In the
following, the 1.27 µm O2(1∆) dayglow emission has been used
to map O3 and to investigate its seasonal and latitudinal behav-
ior (e.g. Krasnopolsky and Bjoraker, 2000; Novak et al., 2002;
Krasnopolsky, 2003). A ground based observational method to
measure O3 directly was introduced by Espenak et al. (1991)
using infrared (IR) heterodyne spectroscopy, which provided
a higher spatial resolution than O2(1∆) dayglow observations.
IR heterodyne spectra near the 9.7 µm absorption band have
been taken with the NASA/Goddard Space Flight Center IRHS
(Infrared Heterodyne Spectrometer) and HIPWAC (Heterodyne
Instrument for Planetary Wind And Composition) and analysed
by Fast et al. (2006a,b), indicating that the vertical distribu-
tion of O3 plays an important role to understand the deviations
from the strict anticorrelation between O3 and H2O column in-
tegrated abundances (see also Lefe`vre et al., 2004).
The early Mars “wet” model of Parkinson and Hunten (1972)
already predicted an O3 concentration layer at an atmospheric
height around z ≈ 32 km. This layer was finally discovered
at approximately z ≈ 40 km altitude by Krasnopolsky et al.
(1975) (see also Krasnopolsky and Parshev, 1979), using mea-
surements obtained by the Mars 5 orbiter at the daytime limb
and evening terminator. Later solar occultation observations
close to the evening terminator near the northern spring equinox
by an UV spectrometer aboard the Phobos 2 spacecraft con-
firmed the existence of the O3 concentration maximum between
z = 42 km to z = 45 km in the equatorial region (Blamont and
Chassefie`re, 1993).
ESA’s Mars Express (MEX) mission led to a significant leap
in the exploration of Mars’ O3. Using the UV spectrometer of
the SPICAM (SPectroscopy for the Investigation of the Charac-
teristics of the Atmosphere of Mars) instrument (Bertaux et al.,
2000, 2006), Lebonnois et al. (2006) and Perrier et al. (2006)
measured the vertical and global distribution of O3, accumulat-
ing data from more than one year of observations. This work
was supplemented by three dimensional modeling efforts by
Lefe`vre et al. (2004), who investigated the seasonal, latitudi-
nal and diurnal behavior of O3 by employing the LMD (Lab-
oratoire de Me´te´orologie Dynamique) GCM (General Circula-
tion Model). Lefe`vre et al. (2008) pointed out the potential sig-
nificance of the heterogeneous chemistry upon ice cloud parti-
cles, which act as an effective HOx sink (resulting in “dryer”
conditions), bringing better coincidence between SPICAM O3
and ground based O3 and H2O2 observations as well as model
results. Later observations with the MARCI (MARs Color
Imager) instrument onboard MRO (Mars Reconnaissance Or-
biter), however, did not provide strong evidence of a correlation
between O3 and clouds (Clancy et al., 2016).
Here, we investigate
(a) why an O3 layer is present,
(b) why it is located at that particular altitude and
(c) what the different processes forming the near-surface and
middle atmosphere ozone maxima are,
by studying how O3 is produced and consumed on Mars. The
problem of explaining direct O3 production and consumption
can be addressed by inspecting calculated reaction rates and
searching for the one with the largest rate. However, these re-
actions can be involved in both fast O3 null cycles (no net O3
production or consumption) and catalytic O3 production or loss
pathways. The latter pathways are relevant for explaining the
O3 volume mixing ratio profile. The role of catalytic cycles for
O3 formation and consumption in Earth’s atmosphere has been
demonstrated by e.g. Bates and Nicolet (1950) and Crutzen
(1970). Note, that the presence of catalytic species on Mars has
a dramatic impact on the chemical composition of the atmo-
sphere (McElroy and Donahue, 1972; Parkinson and Hunten,
1972), hence it is expected, that catalytic cycles are also rele-
vant to the O3 formation and consumption on Mars.
Generally, it is very difficult to find a complete set of
relevant production and consumption pathways of a given
species. Therefore, we use the Pathway Analysis Program
(PAP, Lehmann, 2004), which enables the determination of
all dominant pathways in reaction networks. The algorithm
has been successfully applied to very different topics such as
Earth’s stratospheric O3 (Lehmann, 2004; Grenfell et al., 2006),
Earth’s mesosphere and ionosphere (Verronen et al., 2011; Ver-
ronen and Lehmann, 2013, 2015), the Martian CO2 stability
problem (Stock et al., 2012a,b), and biomarker chemistry on
Earth-like extrasolar planets orbiting M-dwarf stars (Grenfell
et al., 2013).
Here, we are particularly interested in the shape of the verti-
cal O3 profile under mean atmosperic conditions and the chem-
ical cycles which determine the location of the O3 layer. There-
fore, we apply for the first time the computer algorithm PAP to
the output of the updated version of the JPL/Caltech KINETICS
model of the Martian atmosphere (Nair et al., 1994; Boxe et al.,
2014) to identify all significant chemical pathways and quan-
tify their contribution to O3 formation and consumption up to
80 km altitude.
2. Method
2.1. Martian atmospheric photochemical column model
To study the O3 profile in the Martian atmosphere under global
average conditions with the help of the Pathway Analysis Pro-
gram (PAP, Lehmann, 2004), the output of the updated version
of the JPL/Caltech Martian atmospheric photochemical column
model has been employed, which was described in detail by
Nair et al. (1994). The version of the photochemical kinetics
model used here provides the mathematical solution of a sys-
tem of coupled one-dimensional continuity equations
∂
∂t
ni(z, t) + ∂
∂z
Φi(z, t) = Pi(n1, . . . , nNS ) − Li(n1, . . . , nNS ) (3)
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for NS = 29 species (O(3P), O(1D), O2(3Σ), O2(1∆), O3,
N(4S ), N(2D), N2, N2O, NO, NO2, NO3, N2O5, HNO2, HNO3,
HO2NO2, H, H2, H2O, OH, HO2, H2O2, CO, CO2, HCO2, O+,
O+2 , CO
+
2 , CO2H
+), where z denotes the atmospheric altitude,
Pi(n1, . . . , nNS ) the production rate and Li(n1, . . . , nNS ) the loss
rate of species S i with the related number density ni. The verti-
cal flux of species S i is calculated via
Φi = − Di
(
dni
dz +
ni
Hi
+
ni (1 + αi)
T
dT
dz
)
− K
(
dni
dz +
ni
H
+
ni
T
dT
dz
)
,
(4)
where Di, Hi and αi are the molecular diffusion coefficient, the
scale height and the thermal diffusion factor of species S i, re-
spectively. K, H, and T denote the eddy diffusion coefficient,
the scale height of the background atmosphere and the local
gas temperature, respectively. The vertical grid covers the at-
mosphere from the Martian surface up to 240 km in 2 km in-
tervals. For the chemical pathway analysis, we used the steady
state solution of the photochemical model for fixed temperature
and pressure profiles (for details see Nair et al., 1994). The
chemical reaction system includes 149 reactions (for details see
Stock et al., 2012a; Boxe et al., 2014). In contrast to Stock et
al. (2012a), we distinguish between the excited state O2(1∆) and
the ground state O2(3Σ) of molecular oxygen. Additionally, the
HCO2 chemistry introduced by Boxe et al. (2014) is included
in the chemical model. Reaction rate coefficients are updated
according to Sander et al. (2011).
Since the O3 volume mixing ratio exhibits latitudinal, diur-
nal and seasonal variations, the utilization of one-dimensional
models is limited. For example, horizontal transport cannot
be described, i.e. the effect of atmospheric circulation is pa-
rameterized within the eddy diffusion profile, which is derived
from aerosol measurements (see Nair et al., 1994, and refer-
ences therein). Nevertheless, in order to discuss the O3 chem-
istry under global mean conditions, it is useful to abstain from
the three-dimensional treatment in favor of a more detailed de-
scription of the chemical reaction network. This approach is
strengthened by the fact, that the results of the O3 volume mix-
ing ratio profile calculated with the help of the JPL/Caltech pho-
tochemical model are within observational constraints (Nair et
al., 1994).
For the description of the photolysis rate constants a diurnally
averaged solar radiation field for ca. 30◦ latitude at equinox is
assumed. The diurnally averaged radiation corresponds to the
radiation at 7:15 a.m. LTST (local true solar time) and 4:45
p.m. LTST. It is well known that the O3 concentration in the O3
layer considerably varies diurnally since the chemical lifetime
of O3 is shorter than one day (see e.g. Nair et al., 1994; Lefe`vre
et al., 2004; Perrier et al., 2006). Note, that although we assume
a diurnally averaged radiation field, the resulting O3 concentra-
tion does not necessarily represent the diurnally averaged O3
concentration.
The eddy diffusion profile is given by Nair et al. (1994),
their Fig. 1(b). The eddy diffusion coefficient (K) is 105 cm2s−1
at the surface and increases exponentially up to 107 cm2s−1 at
z = 40 km consistent with aerosol measurements (Toon et al.,
1977; Anderson and Leovy, 1978; Chassefie`re et al., 1992; Ko-
rablev et al., 1993). Between z = 40 km and z = 70 km, K
is constant. The value is chosen to reproduce the O2 volume
mixing ratio as discussed by Nair et al. (1994). Rosenqvist and
Chassefie`re (1995) reexamined the relationship between eddy
mixing and O2 concentration, which is consistent with the value
of the eddy diffusion coefficient used here. Between z = 70 km
and z = 100 km, the eddy diffusion coefficient increases again
exponentially with increasing altitude up to K = 108 cm2s−1 to
match the abundance of atomic oxygen at the thermosphere.
Water vapor (H2O) is the most important reservoir species for
HOx radicals. Its abundance on Mars is mainly controlled by
condensation/evaporation and the global circulation and con-
sequently exhibits diurnal, seasonal and latitudinal variations
(see for example Barker, 1976; Jakosky and Farmer, 1982;
Jakosky, 1985; Houben et al., 1997; Richardson and Wilson,
2002; Montmessin et al., 2004). However, one-dimensional
models generally use fixed water profiles. Here we utilize the
standard H2O profile employed by Nair et al. (1994) in order to
represent mean conditions, i.e. we assume a well mixed water
abundance in the lower atmosphere up to the hygropause, the
height where H2O becomes saturated. Above z ≈ 60 km, where
the H2O saturation profile has a minimum, H2O is undersatu-
rated and its abundance is determined by photochemistry.
2.2. Pathway Analysis Program
The Pathway Analysis Program (PAP) allows for the identifi-
cation of chemical pathways in arbitrarily given reaction net-
works. Additionally, it quantifies the efficiency of the pathways
by computing the corresponding rates. In this way, the relative
importance of the different, competing chemical pathways can
be determined. PAP was described in more detail by Lehmann
(2004) and some applications with respect to the CO2 formation
on Mars were discussed by Stock et al. (2012a,b).
In accordance with Stock et al. (2012a) we denote the rate of
the net change of species S i caused by pathway Pk by
ϕik = |mik | fk, i = 1, . . . ,NS , k = 1, . . . ,NP , (5)
where mik is the stoichiometric coefficient of species S i in the
net reaction of pathway Pk with its rate fk. NP is the total num-
ber of pathways.
In order to identify the chemical pathways in the Martian
atmosphere and to quantify their efficiencies, we apply the
PAP algorithm to the steady-state solution of the JPL/Caltech
KINETICS model for each atmospheric layer separately (see
Stock et al., 2012a, for further details).
In general, chemical production Pi and chemical consump-
tion Li in planetary atmospheres can differ even under steady
state conditions if other sources or sinks apart from chemical
reactions are present – such as for instance vertical diffusion
(see Eq. (3)). The analysis method can be extended to account
for such processes by introducing pseudo reactions describing
emission, transport processes etc. Since O(3P) is strongly af-
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fected by vertical transport, we include two pseudo reactions:
O(3P)[adjacent layer(s)] −→ O(3P) (6)
O(3P) −→ O(3P)[adjacent layer(s)] , (7)
representing the transport into or out of a layer centered at alti-
tude z.
We calculate the associated reaction rates under steady state
conditions (i.e. ∂nO(3P)/∂t = 0) by using Eq. (3) and treating the
term ∂ΦO(3P)/∂z according to its sign as a pseudo production
rate
r
gain
O(3P) =
−∂ΦO(3P)/∂z , ∂ΦO(3P)/∂z < 00 , otherwise (8)
or a pseudo consumption rate
rlossO(3P) =
∂ΦO(3P)/∂z , ∂ΦO(3P)/∂z > 00 , otherwise . (9)
There are several O3 photolysis channels leading to ground state
atomic oxygen O(3P), electronically excited state of atomic
oxygen (O(1D)), ground state molecular oxygen O2(3Σ) and/or
electronically excited molecular oxygen (O2(1∆)) (see Matsumi
et al., 2002, for example). The most important ones in the Mar-
tian atmosphere are the spin-allowed channels (1) and
O3 + hν −→ O2(3Σ) + O(3P) . (10)
Another considerable source of O(3P) and O(1D) are the pho-
tolysis of CO2
CO2 + hν −→ CO + O(3P) (11)
−→ CO + O(1D) (12)
and of O2(3Σ)
O2(3Σ) + hν −→ O(3P) + O(3P) (13)
−→ O(3P) + O(1D) (14)
with different reaction channels. The collisional deactivation of
O(1D)
O(1D) + CO2 −→ O(3P) + CO2 (15)
and of O2(1∆)
O2(1∆) + CO2 −→ O2(3Σ) + CO2 (16)
with the most abundant species in the Martian atmsophere
are relatively fast, especially in the lower atmospheric parts.
As a result, the combinations {(1), (15), (16)}, {(12), (15)} and
{(14), (15)} may occur within the pathways found by the PAP
algorithm. As {(1)} has the same net effect as reaction (10),
for each pathway P containing the reactions (1), (15) and (16),
there exists a competing pathway P′ containing the set of reac-
tions as P, but with reaction (10) instead of the reactions (1),
(15) and (16). Analogously, for each pathway P containing
the reactions (12) and (15) there is a competing pathway P′
containing the set of reactions as P, but with reaction (11) in-
stead of the reactions (12) and (15). Since the different pho-
tolysis channels are not relevant for the analysis, we simplify
the representation of the pathways containing different photol-
ysis channels by merging the pathways P and P′ into pathway
families. In other words, we distinguish between electronically
excited and ground state atoms/molecules, when running the
JPL/Caltech KINETICS model and the PAP, but introduce a
simplified notation, using the “=⇒”-symbol, if several reaction
channels with and without subsequent quenching are relevant,
when discussing the results of the PAP.
2.3. Additional definitions
Ozone can be recycled by null pathways, for instance
O3 + hν =⇒ O2(3Σ) + O(3P)
O(3P) + O2(3Σ) + CO2 −→ O3 + CO2
net: null ,
(17)
which do not change directly the O3 concentration. Hence, for
explaining the O3 concentration, it is useful to eliminate their
effect from the production and consumption rates of O3 There-
fore, we distinguish the rate of null pathways
ˆNi =
NP∑
{k|mik=0 }
m˜ik fk (18)
recycling S i=O3 m˜ik ∈ N times in pathway Pk from the rate of
production
ˆPi =
NP∑
{k|mik>0 }
mik fk (19)
by chemical pathways forming S i=O3 from long-lived oxygen
reservoir species like CO2 and O2 and from the rate of con-
sumption
ˆLi =
NP∑
{k|mik<0 }
|mik | fk (20)
by chemical pathways converting S i=O3 to long-lived oxygen
reservoir species. Since the rate of each reaction is completely
distributed to the pathways Pk, including null pathways, it fol-
lows directly that
Pi = ˆPi + ˆNi (21)
Li = ˆLi + ˆNi . (22)
To ease the discussion of our results, we define the production
rate by reactions and by chemical pathways in volume mixing
ratio
Pi(z) := Pi(z)
ntot(z) (23)
ˆPi(z) :=
ˆPi(z)
ntot(z) , (24)
where
ntot(z) =
NS∑
i=1
ni(z) (25)
is the altitude dependent total number density.
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Since steady state conditions (∂ni(z, t)/∂t = 0) are assumed
and the change in volume mixing ratio of S i=O3 by vertical
transport is relatively small in comparison to the change in vol-
ume mixing ratio by chemical production or loss (about . 1%
in the altitude regions which contain the O3 maxima), the term
∂Φi(z, t)/∂z in Eq. (3) can be neglected and it follows
Pi(z) = Li(z) . (26)
Using Eq. (21), Eq. (22) and Eq. (26) we find
ˆPi(z) = ˆLi(z) . (27)
As a measure of how fast a species S i undergoes chemical loss
reactions, it is useful to define the pseudo first order loss rate
coefficient1
Λi(z) := Li(z)
ni(z) . (28)
Thus the steady state volume mixing profiles can be expressed
by
ni(z)
ntot(z) =
Pi(z)
Λi(z) , (29)
using Eq. (23), Eq. (26) and Eq. (28). Although Eq. (29) is
formally correct, the right hand side depends on S i=O3, since
Pi(z) and Λi(z) contain the rate of null pathways (see Eq. (21),
(22), (23) and (28)). This means both sides of Eq (29) depend
on S i=O3 and hence this equation is not helpful for explaining
the mechanisms generating the O3 volume mixing ratio profile.
Therefore, in analogy to Eq. (28) we define
ˆΛi(z) :=
ˆLi(z)
ni(z) (30)
Thus the steady state volume mixing profiles can also be ex-
pressed by
ni(z)
ntot(z) =
ˆPi(z)
ˆΛi(z)
(31)
using Eq. (24), Eq. (30) and Eq. (27).
3. Results and discussion
3.1. The O3 volume mixing ratio profile
Figure 1(a) shows among others the vertical profile of O3 as
calculated by the updated version of the Caltech/JPL KINET-
ICS model for the Martian atmosphere. The O3 volume mixing
ratio profile exhibits two maxima: one near the Martian sur-
face, henceforth called ground layer O3 maximum, and another
one at an atmospheric height around z = 50 km altitude (cor-
responding to a concentration maximum at z ≈ 44 km), hence-
forth O3 layer. Figure 1(a) also shows the volume mixing ratio
of O(3P), which increases monotonically with increasing alti-
tude. The profiles of O(3P) and O3 intersect at about z ≈ 24 km.
Consequently, we find two distinct chemical regions: The lower
region (nO(3P) < nO3 ) contains the ground layer O3 maximum.
1Sometimes called the implicit loss coefficient (see e.g. Jacobson, 2005).
0
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10−4 10−3 10−2 10−1
10−13 10−12 10−11
z
(k
m
)
production rate (ppb s−1)
pseudo first order loss coefficient (s−1)
PˆO3 PO3ΛˆO3 ΛO3
Figure 2: Pseudo first order O3 loss rate coefficients ΛO3 and ˆΛO3 (left hand
side, upper axis) and O3 production ratesPO3 and ˆPO3 (right hand side, lower
axis) in the lower region. Solid lines refer to the production rate ˆPO3 and
pseudo first order loss rate coefficient ˆΛO3 via pathways according to Eq. (24)
and Eq. (30). Dashed lines refer to the production rate PO3 and pseudo first
order loss rate coefficient ΛO3 via reactions. Since the x-axis is in logarithmic
scale, the difference between the solid lines, indicated by the length of the hori-
zontal arrows, describes the ratio ˆPO3 : ˆΛO3 , which is the volume mixing ratio
of O3 according to Eq. (31).
Here, the O3 abundance is directly controlled by the reservoir
species CO2 and O2 (indicated by the lower two arrows in
Fig. 1(a)). The upper region (nO(3P) > nO3 ) includes the O3
layer. Here, the O3 concentration is controlled by O(3P), which
in turn is regulated by CO2 and O2 (indicated by the upper two
horizontal arrows in Fig. 1(a)) and transport (indicated by the
diagonal arrow in Fig. 1(a)). Both regions are chemically quite
different (see below) and will be analyzed separately.
3.2. Chemical O3 pathways in the lower region
To understand the shape of the O3 profile in the lower region,
Fig. 2 shows production rates PO3 (z) and ˆPO3 (z), as well as
the first order pseudo loss rate coefficients ΛO3 (z) and ˆΛO3 (z).
Due to the significant amount of O3 recycled via pathway (17)
in the lower region it follows that PO3 (z)  ˆPO3 (z) and
ΛO3 (z)  ˆΛO3 (z) (see Section 2.3). In the logarithmic plot
(Fig. 2), the lengths of the arrows correspond to the O3 volume
mixing ratio (see also Eq. (31)). In the lower region, ˆPO3 (z)
decreases about a factor of two with decreasing altitude, while
ˆΛO3 (z) decreases about a factor of seven with decreasing alti-
tude, indicating that the ground layer O3 maximum is caused by
the decrease of the ˆΛO3 with decreasing altitude (see Eq. (31)).
The relative contributions of all pathways consuming/forming
O3 in the lower region are shown in detail in Fig. 3 and will be
discussed in the following sections.
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Figure 1: Volume mixing ratios of selected atomic and molecular species in the Martian atmosphere calculated by the Caltech/JPL KINETICS model. Dashed
arrows in the left hand panel indicate the exchange of oxygen atoms between species. There are one long-lived source of O3 above z ≈ 24 km, namely O(3P) and
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Figure 3: Rates ϕik of O3 production/consumption pathways in the lower re-
gion. Loss rates are indicated with a negative sign. The solid line on the right
hand side indicates the production of O3 by all O3 formation pathways. The
solid line on the left hand side indicates the consumption of O3 by all O3 con-
sumption pathways. Bracketed numbers refer to pathways given in the text and
Tab. 1.
Table 1: Percentage contribution of the dominant O3 production and consump-
tion pathways at the O3 ground layer maximum.
production
(32) CO2 + hν −→ CO + O(3P)
O(3P) + O2(3Σ) + M −→ O3 + M
net: O2(3Σ) + CO2 −→ O3 + CO 56%
(33) O2(3Σ) + hν −→ O(3P) + O(3P)
2·( O(3P) + O2(3Σ) + M −→ O3 + M )
net: 3·O2(3Σ) −→ 2·O3 20%
(34) OH + CO −→ CO2 + H
H + O2(3Σ) + M −→ HO2 + M
HO2 + NO −→ NO2 + OH
NO2 + hν −→ NO + O(3P)
O(3P) + O2(3Σ) + M −→ O3 + M
net: 2·O2(3Σ) + CO −→ O3 + CO2 17%
consumption
(36) O3 + hν =⇒ O2(3Σ) + O(3P)
O(3P) + HO2 −→ OH + O2(3Σ)
OH + CO −→ CO2 + H
H + O2(3Σ) + M −→ HO2 + M
net: O3 + CO −→ O2(3Σ) + CO2 85%
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3.2.1. Ozone production (lower region)
Figure 3 and Tab. 1 show that the majority of O3 in the lower
region is formed via a Chapman-like O3 production pathway
CO2 + hν −→ CO + O(3P)
O(3P) + O2(3Σ) + M −→ O3 + M
net: O2(3Σ) + CO2 −→ O3 + CO ,
(32)
i.e. O(3P), which reacts with O2(3Σ) to produce O3, is formed
by CO2 photolysis and M is CO2. The original Chapman O3
production pathway
O2(3Σ) + hν −→ O(3P) + O(3P)
2·( O(3P) + O2(3Σ) + M −→ O3 + M )
net: 3·O2(3Σ) −→ 2·O3
(33)
– well known for operating in Earth’s atmosphere (M is N2 or
O2) yielding the notable O3 layer – is also active on Mars with
M=CO2. However, on Mars, pathway (33) is less efficient than
pathway (32), because of the large CO2:O2 ratio in the Mar-
tian atmosphere. The O3 production decreases with decreas-
ing altitude, because of the decreasing rates of the CO2 and O2
photolysis reactions with decreasing altitude. Furthermore, we
identify another significant O3 production pathway
OH + CO −→ CO2 + H
H + O2(3Σ) + M −→ HO2 + M
HO2 + NO −→ NO2 + OH
NO2 + hν −→ NO + O(3P)
O(3P) + O2(3Σ) + M −→ O3 + M
net: 2·O2(3Σ) + CO −→ O3 + CO2 ,
(34)
which includes the reaction
HO2 + NO −→ NO2 + OH (35)
reconsidered by Krasnopolsky (1993), who recognized its im-
portance in breaking the O2 bond to produce odd oxygen. Path-
way (34) was already discussed by Stock et al. (2012b) but in
the context of CO2 formation on Mars. This pathway is also
relevant for the CO oxidation and O3 formation in Earth’s tro-
posphere (Brasseur et al., 1999) with M being N2 or O2 instead
of CO2.
3.2.2. Ozone consumption (lower region)
The dominant O3 removal process belongs to the pathway fam-
ily
O3 + hν =⇒ O2(3Σ) + O(3P)
O(3P) + HO2 −→ OH + O2(3Σ)
OH + CO −→ CO2 + H
H + O2(3Σ) + M −→ HO2 + M
net: O3 + CO −→ O2(3Σ) + CO2 ,
(36)
(see Section 2.2 for the definition of the “=⇒”-symbol) the rate
of which decreases with decreasing altitude (see Fig. 3). This
 0
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z 
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Figure 4: Rates ϕik of the dominant O3 consumption pathway family (36) and
the null pathway family (17) in the lower region (solid lines). Dashed lines
refer to reactions (37), (38) and the photolysis O3 + hν =⇒ O2(3Σ) + O(3P).
The sum of the pathway family (36) and (17) is indicated by the bold solid line.
decrease is a result of increasing competition with the null path-
way family (17) for O(3P) produced by the O3 photolysis reac-
tion (see Fig. 4). The rate of the O3 photolysis reaction is almost
completely distributed to the pathway families (17) and (36). It
is therefore sufficient to examine the ratio of the reactions
O(3P) + HO2 −→ OH + O2(3Σ) (37)
and
O(3P) + O2(3Σ) + CO2 −→ O3 + CO2 . (38)
The ratio decreases with decreasing altitude (see Fig. 4), be-
cause of the increase in total number density and hence an in-
crease of the rate of the three body reaction (38) and due to
the decrease of the HO2 volume mixing ratio with decreasing
altitude.
3.3. Chemical pathways in the upper region
Under global mean conditions, in the upper region, ˆPO3 varies
by more than one order of magnitude, whereas ˆΛO3 remains rel-
atively constant, suggesting that the O3 layer is determined by
the variation of the O3 production rate with atmospheric height
(see Fig. 5). The major O3 producing/consuming pathways con-
tributing to these rates are shown in Fig. 6 and Tab. 2. The rates
are considerably larger than the rates of the pathways operating
in the lower region (cf. Fig. 3). This provides additional evi-
dence for two distinct chemical regimes in the O3 chemistry of
Mars, indicating an especially active O3 chemistry in the upper
region.
3.3.1. Ozone production (upper region)
As seen in Fig. 5 the O3 volume mixing ratio profile is strongly
affected by the production rate. Our results (Fig. 6) suggest
that O3 production is almost exclusively dominated by the sin-
gle termolecular recombination reaction (38). Since the O2(3Σ)
and CO2 volume mixing ratios remain relatively constant with
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Figure 6: Rates ϕik of O3 production/consumption pathways. Loss rates are
indicated with a negative sign. The solid line on the right hand side indicates
the production of O3 by all O3 formation pathways. The solid line on the left
hand side indicates the consumption of O3 by all O3 consumption pathways.
Bracketed numbers refer to pathways given in the text and Tab. 2.
Table 2: Percentage contribution of the dominant O3 production and consump-
tion pathways in the mid atmospheric O3 layer (z ≈ 50 km).
production
(38) O(3P) + O2(3Σ) + CO2 −→ O3 + CO2 99%
consumption
(39) O3 + hν =⇒ O2(1∆) + O(3P) 75%
(40) O3 + hν −→ O2(3Σ) + O(3P) 12%
(41) H + O3 −→ OH + O2(3Σ)
O(3P) + OH −→ O2(3Σ) + H
net: O3 + O(3P) −→ 2·O2(3Σ) 11%
(42) H + O3 −→ OH + O2(3Σ)
OH + CO −→ CO2 + H
net: O3 + CO −→ O2(3Σ) + CO2 2%
altitude (see Fig. 1(a)), the strong increase of the O(3P) volume
mixing ratio with increasing altitude leads to an increase in the
O3 production rate and, hence, to an increase in the O3 volume
mixing ratio, which peaks around z = 50 km. The decrease of
the O3 production rate with increasing altitude above z = 50 km
is due to the decrease of the total number density ntot and thus
the decrease in the rate of the termolecular reaction (38). The
mechanism controlling the O(3P) abundance in this region is of
particular interest, since there O(3P) is the dominant Ox-species
(see Fig. 1(a)). Pathways producing/consuming O(3P) and their
effect on the O3 profile are discussed in Section 3.3.3.
3.3.2. Ozone consumption (upper region)
Figure 6 shows also the contributions of O3 consumption path-
ways in the upper region. In this part of the atmosphere O3 is
mainly destroyed by photolysis and subsequent thermal deacti-
vation of O(1D)
O3 + hν =⇒ O2(1∆) + O(3P) . (39)
A less efficient alternative is the photolysis branch of O3
O3 + hν −→ O2(3Σ) + O(3P) , (40)
yielding the ground states of molecular O2(3Σ) and atomic oxy-
gen O(3P). It is also possible that O3 is removed by reaction
with H via the following two pathways
H + O3 −→ OH + O2(3Σ)
O(3P) + OH −→ O2(3Σ) + H
net: O3 + O(3P) −→ 2·O2(3Σ)
(41)
and
H + O3 −→ OH + O2(3Σ)
OH + CO −→ CO2 + H
net: O3 + CO −→ O2(3Σ) + CO2 ,
(42)
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ume mixing ratio of O(3P) according to Eq. (31).
which however are less efficient as seen in Fig. 6. For real Mars
conditions, the hygropause depends on the season and can rise
to higher altitudes during the summer, leading to an increase
in the HOx volume mixing ratio, which in turn, results in the
disappearance of the O3 layer (Clancy et al., 1996; Lefe`vre et
al., 2004). These observations are consistent with our results.
Moreover, the presence of ice clouds can reduce the HOx vol-
ume mixing ratio (see e.g. Anbar et al., 1993; Lefe`vre et al.,
2008), which decreases the rates of pathways (41) and (42) –
thus increasing the O3 volume mixing ratio.
3.3.3. Atomic oxygen production and consumption (upper re-
gion)
In contrast to the lower region, in the upper region O(3P) is
more abundant than O3 (see Fig. 1(a)). In order to understand
why O(3P) is so abundant in this part of the atmosphere, we use
the PAP algorithm to also study the O(3P) pathways. Figure 7
shows the production/consumption of O(3P) by chemical path-
ways with and without transport. We denote the O(3P) produc-
tion rate by ˆP∗O(3P) if vertical mixing is included as a pseudo
reaction (see Section 2.2) and the pseudo first order O(3P) loss
rate coefficient ˆΛ∗O(3P) accordingly. These quantities are related
to the chemical O(3P) production rate and the pseudo first order
chemical O(3P) loss rate coefficient via
ˆP∗O(3P) = ˆPO(3P) + rgainO(3P) (43)
ˆΛ∗O(3P) = ˆΛO(3P) +
rlossO(3P)
nO(3P)
, (44)
 40
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Figure 8: Rates ϕik of O(3P) production/consumption pathways. Loss rates are
indicated with a negative sign. The solid line on the right hand side indicates
the production of O(3P) by all O(3P) formation pathways. The solid line on the
left hand side indicates the consumption of O(3P) by all O(3P) consumption
pathways. The thick solid lines on the refer to the transport pathways (6) and
(7). Pathways are summarized in Tab. 3.
where rgainO(3P) and r
loss
O(3P) are defined by Eq. (8) and Eq. (9).
As it can be seen in Fig. 7, there is a net transport of O(3P)
from upper atmospheric layers (z > 56 km) to lower altitudes
(32 km . z . 56 km).
The O(3P) production rate ˆP∗O(3P) increases by about one or-
der of magnitude with increasing altitude between z = 32 km
and z = 56 km, whereas the pseudo first order O(3P) loss rate
coefficient ˆΛ∗O(3P) decreases by more than two orders of magni-
tude. This results in an increase of the O(3P) volume mixing ra-
tio with increasing altitude, which is predominantly determined
by the O(3P) consumption. Figure 8 shows that the pathways
O(3P) + HO2 −→ OH + O2(3Σ)
OH + CO −→ CO2 + H
H + O2(3Σ) + M −→ HO2 + M
net: O(3P) + CO −→ CO2
(45)
and
O(3P) + OH −→ O2(3Σ) + H
H + O2(3Σ) + M −→ HO2 + M
O(3P) + HO2 −→ OH + O2(3Σ)
net: 2·O(3P) −→ O2(3Σ)
(46)
are the most important O(3P) consumption pathways between
z = 32 km and z = 60 km. Pathway (45) was discussed in
the context of the CO2 stability problem by e.g. McElroy and
Donahue (1972), Nair et al. (1994) and Stock et al. (2012a).
The rates of both pathways (45) and (46) depend on the abun-
dance of HOx. The change in the slope of ˆΛO(3P) at z ≈ 36 km
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Table 3: Percentage contribution of the dominant O(3P) production and con-
sumption pathways in the mid atmospheric O3 layer (z ≈ 50 km).
production
(6) O(3P)[adjacent layer(s)] −→ O(3P) 55%
(47) CO2 + hν =⇒ CO + O(3P) 39%
(48) O2(3Σ) + hν =⇒ O(3P) + O(3P) 6%
consumption
(45) O(3P) + HO2 −→ OH + O2(3Σ)
OH + CO −→ CO2 + H
H + O2(3Σ) + M −→ HO2 + M
net: O(3P) + CO −→ CO2 55%
(46) O(3P) + OH −→ O2(3Σ) + H
H + O2(3Σ) + M −→ HO2 + M
O(3P) + HO2 −→ OH + O2(3Σ)
net: 2·O(3P) −→ O2(3Σ) 23%
(Fig. 7) correlates with the abrupt decrease in HO2 volume mix-
ing ratio (Fig. 1(a)), suggesting that a “dry” atmosphere (i.e
“lack” of OH and especially HO2) leads to an increase in the
O(3P) volume mixing ratio. Figure 8 also suggests that above
z ≈ 58 km, O(3P) removal via transport dominates. The corre-
sponding pathway includes only the pseudo reaction (7).
Atomic oxygen O(3P) is produced directly by CO2 photoly-
sis
CO2 + hν =⇒ CO + O(3P) (47)
and O2 photolysis
O2(3Σ) + hν =⇒ O(3P) + O(3P) (48)
O(3P) is then transported downwards to the O3 layer of the
upper region. The corresponding pathway includes only the
pseudo reaction (6). In order to illustrate the effect of vertical
transport of O(3P) on the O3 profile, we calculate first the con-
centration profiles of O(3P) in the absence of O(3P) transport,
i.e.
n◦O(3P) =
ˆPO(3P)
ˆΛO(3P)
. (49)
Note that ˆPO(3P) and ˆΛO(3P) do not include the transport pseudo
reactions (6) and (7). Figure 9(a) shows that vertical trans-
port leads to an increase in O(3P) volume mixing ratio be-
low z = 56 km and a decrease above z = 56 km consistent
with Fig. 7. This indicates that O(3P) is effectively transported
downwards. To estimate the effect of O(3P) transport on the O3
profile, we use n◦O(3P) from Eq. (49), in order to derive a hypo-
thetical O3 profile that would be formed in the absence of O(3P)
transport. Figure 6 suggests that we can approximate ˆPO3 by
r38. We use the modified concentration n◦O(3P), when computing
the rate of reaction (38), henceforth called r◦38, i.e. we exclude
the effect of O(3P) transport without modifying the transport
of other chemical species. ˆΛO3 depends on O(3P) transport
via pathway (41). Since, however, the rate of pathway (41)
is considerably smaller than the rates of pathways (39) and
(40), O(3P) transport can be neglected in the calculation of ˆΛO3 .
Nonetheless, O(3P) transport can affect the OH-abundance via
reaction (37), which in turn may influence the rates of the O3
consumption pathways (41) and (42). This effect is expected
to be relatively small in comparison to the direct influence of
O(3P) transport on ˆPO3 (see Fig. 6.). The hypothetical O3 pro-
file – without O(3P) transport – can then be calculated via
n◦O3 ≈
r◦38
ˆΛO3
. (50)
Figure 9(b) suggests that O(3P) transport has two effects on the
vertical O3 profile. Firstly, we find a larger O3 volume mix-
ing ratio below z = 56 km and a smaller O3 volume mixing
ratio above z = 56 km. Secondly, vertical transport of O(3P)
is essential for the formation of the local O3 maximum in the
investigated altitude range. Since vertical transport of O(3P)
depends on the eddy diffusion profile, we expect, in accordance
with McElroy and Donahue (1972) and Parkinson and Hunten
(1972), the O3 profile to be sensitive to the eddy diffusion pro-
file.
3.4. Effect of the temperature profile on the O3 layer
Reaction rate coefficients and the saturation pressure of H2O are
functions of temperature and inevitably affect the reaction rates
in the chemical network. Hence, the HOx abundance, and con-
sequently, the O3 volume mixing ratio profile depend implicitly
on temperature. Therefore, it might be theoretically possible
that the characteristic O3 profile on Mars is mainly a conse-
quence of a specific atmospheric temperature profile.
To investigate this effect, we calculate the volume mixing ra-
tios using an idealized temperature profile, which is constant
(Tav = 176.5 K) up to z = 136 km and then follows our stan-
dard temperature profile adopted from Nair et al. (1994). The
value Tav is the arithmetic mean of the surface temperature and
the minimum temperature in the standard case. The lower al-
titude atmospheric temperature causes a larger amount of H2O
to condense, resulting in less HOx. Hence the O3 abundance
increases by about two orders of magnitude (see Fig. 10(a)). In
the upper region the modified temperature profile has no signif-
icant effect on the H2O and O3 abundances and the O3 profile,
i.e. the mid-atmospheric O3 layer still exists (see Figs. 10(a)
and 10(b)). This means that the change in temperature with
altitude is not responsible for the formation of the O3 layer.
4. Conclusions
We provide the first quantitative pathway analysis of the Mar-
tian atmospheric O3 profile by applying the Pathway Analysis
Program (PAP) for the first time to the output of the updated
JPL/Caltech KINETICS model in order to gain a better under-
standing of the relevant chemical and transport processes and
therefore also a better understanding of observable features.
11
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T 40
 50
 60
 70
 80
101 102 103 104 105 106 107
z 
(km
)
volume mixing ratio (ppb)
(a) Ground state atomic oxygen.
 40
 50
 60
 70
 80
100 101 102
z 
(km
)
volume mixing ratio (ppb)
(b) Ozone.
Figure 9: Volume mixing ratios of O(3P) and O3. Solid lines indicate the profiles calculated by the Caltech/JPL KINETICS model. Dashed lines refer to the volume
mixing ratio profiles n◦i /ntot estimated in the absence of O(3P) transport.
From inspection of the concentrations of O(3P) and O3 and as
a result of our analysis, the Martian atmosphere can be divided
into two chemically distinct regions. In the lower region, the
dominant Ox species is O3 and in the upper region the domi-
nant Ox species is O(3P). These regions differ significantly in
the manner in which processes control the O3 abundance.
The pathway analysis confirms, that in the lower region, O3 is
formed by a Chapman-like mechanism, involving CO2 photol-
ysis (instead of O2 photolysis as on Earth), which is consistent
with earlier findings by e.g McElroy and Donahue (1972). On
Mars O3 consumption proceeds via pathways involving HOx.
The decrease of the the total O3 loss rate coefficient with de-
creasing altitude leads to the formation of the ground layer O3
maximum. Most of the O3, destroyed via photolysis, is recycled
back.
In the upper region, O(3P) is the dominant Ox species. There-
fore, we further analyzed O(3P) production and consumption
between z ≈ 32 km and z ≈ 80 km. The additional PAP analy-
sis shows in accordance with Parkinson and Hunten (1972) and
Krasnopolsky (1993) that the main reason for the high abun-
dance of O(3P) is the small concentration of OH and HO2 above
z ≈ 35 km altitude. In the upper region O3 is produced by one
reaction, namely O(3P) + O2(3Σ) + CO2 −→ O3 + CO2, which
critically depends on the downward transport of O(3P) from up-
per atmospheric layers (z > 56 km) into the Martian O3 layer.
There, O3 is mainly removed by photolysis and to some part
by reaction with H, which is subsequently recycled. Although
clearly, O3 consumption pathways are important to regulate the
absolute abundance of O3, the shape of the O3 profile is mainly
determined by the O3 production mechanism. The increase of
the O3 volume mixing ratio below z = 50 km is due to the strong
increase of O(3P) with increasing altitude, which in turn can be
explained by the decreasing concentration of OH and HO2. The
decrease of the O3 volume mixing ratio with increasing altitude
above z = 50 km is a result of the decreasing rate of the ter-
molecular reaction O(3P) + O2(3Σ) + CO2 −→ O3 + CO2.
Recent observations (Clancy et al., 2013; Rezac et al., 2015;
Villanueva et al., 2013) demonstrate that many of the species
relevant for the O3 chemistry (OH, O, HO2) are now detectable.
To improve our understanding of the Martian atmospheric O3
profile, simultaneous measurements of these species in combi-
nation with H2O and O3 would be desirable.
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Figure 10: Volume mixing ratios of selected species in the Martian atmosphere calculated by the Caltech/JPL KINETICS model. Solid lines refer to the scenario
with the modified temperature profile (see text), dashed lines refer to the “standard” scenario. Dotted line (right hand panel) refer to the ratio Psat:P (modified
temperature profile), dot-dashed line refer to the ratio Psat:P (“standard” scenario).
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